The boundary layer of PHA inclusion bodies isolated from Chromatium vinosum, Pseudomonas oleovorans, and Rhodococcus Tuber was investigated by negative staining and transmission electron microscopy. A typical boundary layer exhibits a basic lattice composed of regularly arranged phasin molecules and phospholipids, forming a thin, nevertheless mechanically stable cover surrounding the content of the inclusion body. Depending on the bacterial strain under investigation, the lattice parameters of the boundary layer may vary. Usually, values between 3.3 and 9.6 nm are observed for the spacing, and the lattice is rectangular. Enzyme particles interpreted as PHA synthase particles are attached to, or inserted into the basic lattice. They cover not more than 20% of the total surface of the inclusion body.
The boundary layer of PHA inclusion bodies isolated from Chromatium vinosum, Pseudomonas oleovorans, and Rhodococcus Tuber was investigated by negative staining and transmission electron microscopy. A typical boundary layer exhibits a basic lattice composed of regularly arranged phasin molecules and phospholipids, forming a thin, nevertheless mechanically stable cover surrounding the content of the inclusion body. Depending on the bacterial strain under investigation, the lattice parameters of the boundary layer may vary. Usually, values between 3.3 and 9.6 nm are observed for the spacing, and the lattice is rectangular. Enzyme particles interpreted as PHA synthase particles are attached to, or inserted into the basic lattice. They cover not more than 20% of the total surface of the inclusion body.
These enzyme particles measure between 8 and 12 nm in diameter, are made up of subunits and occur as single units or small aggregates. No indications have been obtained which would support the view that the boundary layer is a double-layer of proteins with phospholipids in between.
Rather, a visual inspection of detached boundary layers revealed that the boundary layer is a monolayer exhibiting only one kind of basic lattice. In regions where this monolayer had been artificially removed from the inclusion body, the surface of the contents of the inclusion body was exposed.
A wide range of physiologically and taxonomically different bacteria is able to synthesize and accumulate the polyesters of hydroxyalkanoic acids (PHA), which are deposited as insoluble inclusions in the cytoplasm (20) . More than 90 different hydroxyalkanoic acids have been detected as constituents of these polyesters (22) . The core of these inclusions contains PHA in an amorphous state (1, 2) and is surrounded by a boundary layer. Several of the studies on physiology, biochemistry and genetics of bacterial polyhydroxyalkanoic acid inclusion bodies have also addressed the macromolecular organization of this boundary layer. Preusting et al.
(17) described a faint pattern on the convex polymer granule surface of Pseudomonas oleovorans inclusion bodies exposed after freeze-fracturing. They obtained optical diffraction patterns indicating a nearly rectangular array of protein-units with regular spacings of 73 ± 2 A. In addition, this convex granule surface always revealed particles of about 7-13 nm in size. A close inspection of electron micrographs exhibiting the structural details of the boundary layer of these inclusion bodies revealed that the layer could be a monolayer also containing phospholipids covering the hydrophobic polyester granule. The identity of the 7-13 nm particles was not investigated. Such a view of the boundary layer had been proposed earlier for Bacillus cereus (5) .
Recent detailed genetic and immunoelectron microscopic studies of PHA inclusion bodies have provided support for the view that the boundary layer of these inclusions is a monolayer constituted of phospholipids, "phasins" (i.e., amphiphilic proteins) and PHA synthase molecules; the presence of PHA-depolymerizing enzymes as components of the boundary layer has not yet been shown. Studies on the purification and characterization of the PHA synthases from Alcaligenes eutrophus, Chromatium vinosum, and P, oleovorans unequivocally demonstrated the location of this enzyme at the surface of PHA granules by application of immunoelectron microscopy (9,13, 23) . However, it seems that the key enzyme of PHA biosynthesis is not the major protein component at the surface of the granules. When isolated PHA granules are subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, the electropherograms revealed low molecularweight proteins as the predominant protein species in almost all PHA-accumulating bacteria (7, 12, 14, 19, 25, 26) . Based on the amino-acid sequence data of phasin molecules, models of the structure and composition of the PHA granule surface in Rhodococcus ruber and for the anchoring of the phasin (the GA 14 protein) monomer in a phospholipid monolayer were postulated (15) . The region of the GA 14 protein, which is responsible for the binding of this phasin to the surface of the PHA granule, was identified (16) . Also, in A, eutrophus, a representative of phasins (the GA24 protein) was detected (25). Recently, Stuart et al. (23) suggested (for P. oleovorans) an alternative, rather complex model for the surface of the PHA granules including two crystalline protein layers which are separated by a phospholipid layer. This view does not support earlier findings (17) .
Further studies on the macromolecular architecture of the boundary layer will be necessary for a better understanding of the structure-function relationships of this layer and its constituents. In a first attempt, we investigated three such systems (isolated PHA inclusion bodies obtained from C. vinosum, P. oleovorans, and R. Tuber, respectively) by the application of conventional negative staining procedures and transmission electron microscopy. In previous experiments, aspects of the molecular architectures of the PHA inclusion bodies of these bacteria were investigated with immunoelectron microscopic techniques (13, (15) (16) (17) 21, 23, 25) .
MATERIALS AND METHODS
Bacterial strains. Chromatium vinosum strain D (DSM 180), P. oleovorans (ATCC 29347), and R., ruber (NCIMB 40126) were investigated in this study. Cultivation. All of the strains except C. vinosum were cultivated in a mineral salts medium according to Schlegel et al. (18) . To stimulate PHA accumulation, the concentration of ammonium chloride was reduced to 0.05% (w/v). Glucose at 0.5% (w/v) or two portions of 0.4% (w/v) sodium octanoate were added as carbon sources for the cultivation of R. ruber and P, oleovorans, respectively. In addition, the medium for R. ruber contained l ug thiamine per milliliter. Cultivations were done at 30°C in 21 Erlenmeyer flasks containing 500 ml medium to the late stationary growth phase when the cells had accumulated PHA up to approximately 50-60% (w/v) as revealed by gas chromatography (3, 24) .
C. vinosum was cultivated anaerobically in the dark in a nitrogen-containing medium first, and was subsequently transferred to a medium containing no nitrogen source as described by Liebergesell et al. (11) .
Preparation of native PHA granules. PHA granules were released from the cells by a twofold French press passage (100 X 106 Pa). From crude extracts of R. ruber cells, PHA granules were isolated by two subsequent centrifugations in linear glucose and sucrose density gradients, respectively (25). The PHA granules from crude extracts of P. oleovorans cells were obtained by two subsequent centrifugations in a linear and discontinuous glycerol gradients (26). From crude extracts of C. vinosum cells, PHA granules were isolated by two subsequent centrifugations in glycerol and sucrose gradients (14) with the exception that a linear instead of a discontinuous sucrose gradient was used. The granules were withdrawn from the regions of the gradients where they had collected, washed twice with 100 mM Tris/ HCl (pH 7.5) and directly subjected to electron microscopic investigations.
Electron microscopic preparation and imaging. The samples were negatively stained with uranyl acetate, and depicted as described previously (15) . Electron micrographs were obtained at calibrated magnifications. Dimensions were measured from enlarged prints. RESULTS 
AND DISCUSSION
The electron micrographs ( Fig. 1 ) obtained from negatively stained isolated PHA inclusion bodies, consisting of a copolyester of 3-hydroxyoctanoic acid as the (a) The inclusion bodies are covered by a boundary layer exhibiting a paracrystalline substructure (group of three arrows). The asterisk marks an area of the boundary layer which has been artificially detached and shifted to the left from its original position (F, area between the two dotted lines) at the surface of the contents of the inclusion body, resting freely on the support film. Nevertheless, this area of boundary layer retained its integrity as a thin regularly structured monolayer (group of two arrows) (compare with Fig. 1(b) ). Attached to, or inserted into the boundary layer are particles interpreted as PHA synthase (SY). They occur as single particles (large circles) or elongated aggregates (small circles). Dimensions given in ~Cm. (b) Sample as in Fig. 1(a) , depicted at high magnification. The paracrystalline substructure (large circle) reveals center-to-center distances of rows of particles of about 9.6 nm (two groups of three arrows); in addition, distances of 4 .8 nm could be observed (small circle; group of three arrows). The basic lattice (BL) appears to be rectangular; lattice distorsions can be clearly seen. SY, enzyme (PHA synthase) particles. Dimensions given in ,um. Layer of PHA Inclusion Bodies 449 main constituent and 3.-hydroxyhexanoic acid as a minor constituent typical for P. oleovorans, confirmed the presence of a boundary layer with a regular array of units forming a basic lattice. The center-to-center distance of the rows of this basic lattice was about 9.6 nm, and the rows formed a lattice with right angles. Indications could be found for a spacing of 4.8 nm (i.e., half the size). After negative staining, the basic lattice was composed of units depicted with low contrast and regularly positioned units depicted with higher contrast. Areas could be seen where the boundary layer had been artificially detached and shifted from its original position on the surface of the contents of the inclusion body to resting freely on the support film. Though shifted, its structural parameters were retained. No indications for two superimposed kinds of lattice were visible. Thus, the boundary layer is most probably a monolayer. Particles scattered over the basic lattice could be seen; however, their identity could not be determined. They were interpreted on the basis of the presence of similar particles on the surface of PHA inclusion bodies of C. vinosum (13; see below) to be PHA synthase molecules; they were observed as single units with diameters 8-9 nm, or arranged in rows. Figures 2 and 3 depict the macromolecular organization of the boundary layer of a PHA inclusion body consisting of a copolyester of 3-hydroxyvaleric acid as the main component and 3-hydroxybutyric acid as the minor component, in this case from R. ruber. Fig. 2 . PIIA inclusion bodies isolated from Rhodococcus ruber, depicted after negative staining.
The contents of the inclusion body are covered by a faint boundary layer exhibiting a paracrystalline substructure with a lattice spacing of 7.6 nm (group of three arrows and group of two arrows). Attached to, or inserted into the boundary layer are groups of regularly arranged dimeric particles (arrowheads) with their position and orientation determined by the parameters of the basic lattice. These particles are interpreted as PHA synthase.
Note that the inclusion bodies are completely covered by the boundary layer. Dimensions in [em. The paracrystalline boundary layer (circle 1 and micrograph (a) of the gallery) with adhering enzyme (PHA synthase) particles partially detached (artificially) from its original position on the surface of the contents of the inclusion body. The borderline of the broken boundary layer is marked by two arrowheads. Micrograph (b) of the gallery depicts this borderline at high magnification. The particles (arrows) forming rows (arrowhead) have an average center-to-center distance of about 3.3 nm. The two asterisks in the main micrograph mark areas of the boundary layer artificially shifted after detachment to the left side, which rest freely on the support film. This area did retain, though distorted, its main structural characteristics, with the enzymes (PHA synthase) still connected to the basic lattice. At sites where the boundary layer was removed (e.g., small circle), a very faint striation (spacing about 2.5 nm; see also micrographs (c) and (d) of the gallery; arrows) is visible. This striation is interpreted as ordered PHA polymers or bundles thereof. This view is supported by the fact that, besides these striations, bent chains (micrographs (e), (f), (g) of the gallery; arrowheads) are also visible, exhibiting intensity maxima (arrows) with sizes (1.0 to 1.3 nm) close to the limit of resolution of the contrasting technique. These maxima are interpreted as mass concentrations along these chains. The chains are interpreted as non-ordered PHA polymers, exposed at the surface of the contents of the PHA inclusion body due to artificial detachment of the boundary layer. BL, basic lattice of the boundary layer; PS, artificially exposed surface of the contents of the PHA inclusion body. The dimensions of the main micrograph are given in ,um. Layer of PHA Inclusion Bodies 451
In Fig. 2 , it can be seen that the contents of the inclusion body are covered by a faint layer made up of rows of small particles with a lattice spacing of about 7.6 nm. A prominent feature of this boundary layer is the occurrence of groups of regularly arranged dimeric particles, with their position and orientation determined by the parameters of the basic lattice. Again, we could not determine their identity; however, we interpreted these particles as PHA synthase molecules in analogy to the findings for C. vinosum (13) . They cover about 15 to 20% of the total surface area of the inclusion body as indicated by an estimate of the total surface area of a given inclusion body compared to the sum of the areas covered by all particles of the described type present at the surface of this inclusion body.
In Fig. 3 , additional features are visible. The boundary layer exhibiting the lattice structure is broken and partially detached from the surface of the contents of the inclusion body. Micrograph (b) of the gallery illustrates that the striations of the basic lattice are in fact composed of rows of particles with center-to-center distances of about 3.3 nm measured along the row. Areas of the boundary layer which had been artificially shifted from their original position on the surface of the contents of the inclusion body nevertheless still exhibited bound PHA synthase molecules and resistance against further artificial decomposition. In micrographs (c) and (d) of the gallery, the structures visible are interpreted as parallel strands of PHA molecules or bundles thereof, artificially exposed by the removal of the boundary layer during sample preparation. Micrographs (e), (f), and (g) of the gallery document that not only parallel striations are visible at the exposed surface of the contents of the PHA inclusion bodies, but also bent chains of intensity maxima with a spacing (1.0 to 1.3 nm) close to the limit of resolution of the contrasting technique. We interpreted these chains as artificially exposed PHA polymers, however, in an amorphous state in contrast to the parallel strands described above, which seem to be arranged in a paracrystalline state. The paracrystalline state may be an artefact (1, 2) . Figure 4 (a) depicts the surface of a PHA inclusion body consisting of poly-(3-hydroxybutyric acid) isolated from C. vinosum. Particles made up of subunits are located at a slightly elevated position on the surface. The average distance between these particles is 28 to 34 nm. A calculation of the overall surface of such an inclusion body and comparison with the value of area covered by a single particle multiplied by the number of particles per total surface of the inclusion body indicates that these particles cover approximately 10 to 15% of the total surface area of the PHA inclusion body in C. vinosum. The average diameter of these particles (see gallery depicted in Fig. 4(b) ) is 10 to 11 nm, a value very close to the measured diameter of the isolated PHA synthase complex of this bacterium, which was 11.2 to 12.8 nm (13) . In addition, the substructure of these particles (Fig. 4(b) shows examples) is also similar to that of the isolated enzyme. In previous experiments, the presence of PHA synthase complexes at the surface of the PHA inclusion bodies of these bacteria was demonstrated by immunoelectron microscopy (13) . This provides support for the view that the particles at the surface of the inclusion body most probably represent PHA synthase complexes; however, it is also expected that PHA-degrading enzymes may be present on such a surface. They could not be identified and localized due to the fact that respective specific antisera is not available. Also, the macromolecular architecture of PHA-degrading enzyme particles is not yet known; therefore, a comparison of the observed ultrastructure of particles (Fig. 4(b) ) with that of PHA-degrading enzymes is not yet possible. Different models for the structure of PHA inclusion bodies in bacteria are available. It appears to be generally accepted that boundary layers containing phospholipids and proteins exist in mature inclusion bodies. The amount of phospholipids seems to be too low to sufficiently cover the inclusion body entirely (10, 21) . However, as shown in this investigation, the amount of protein molecules assumed to be PHA synthase molecules is also insufficient for total coverage of the inclusion body (as shown, only up to 20% of the surface of the inclusion body is occupied by the respective protein molecules). This value would be even smaller assuming that part of these particles are PHA-degrading enzymes. These findings support the view that phasins are the major component of the boundary layer of a mature inclusion body. The properties of the phasin molecules, as demonstrated recently (15, 16, 25) , indicate that these molecules, due to their amphiphilic character, separate hydrophilic compartments (the cell cytoplasm) from hydrophobic compartments (the contents of the PHA inclusion body), and that the phasins form a monolayer. This conclusion is supported by the results of a visual inspection of artificially detached and shifted boundary layers as depicted in this investigation; only one layer of the basic lattice is visible under these conditions, and after artificial removal of this single layer, the contents of the inclusion body are exposed. Thus, we conclude that a mature PHA inclusion body is covered by a monolayer. This view is in clear disagreement with the model proposed by Stuart et al. (23) . The Stuart model does not take into account that the major protein of the boundary layer (the phasin) is amphiphilic and that, in ultrathin sections through PHAaccumulating phototrophic bacteria (see, for example, Rhodobacter sphaeroides), the boundary layer around the PHA inclusion is very faint as compared to the bilayer membrane of the photosynthetic vesicles. A boundary layer with a molecular architecture as proposed by the Stuart model would exhibit, in ultrathin sections, an ultrastructure similar to a typical bilayer membrane. This is not the case.
The process of inclusion body formation exhibits analogies to an emulsion polymerization process (4, 6) . The emulsion of hydrophobic PHA molecules in the predominantly hydrophilic cytoplasm is obviously stabilized by proteins and phospholipids. The contribution of various proteins and phospholipids may vary drastically depending on the stage of PHA inclusion body formation. At the very beginning, the PHA synthase protein with the growing polyester chain may form micromicelles with nascent hydrophobic PHA chains attached by hydrophobic interactions in the center and PHA synthase proteins at the surface, giving rise to nascent inclusion bodies. It may be that, at this stage, the boundary layer at the surface of the inclusion body is mainly or even exclusively composed of PHA synthase protein, as proposed by Ellar et al. (6) . When the inclusion bodies become larger, the composition of the boundary layer obviously changes and, besides the PHA synthase protein, other components such as phospholipids (10) and phasins (for review, see 21) are inserted. This study and previous experiments (13) clearly demonstrate that the PHA synthases do not form a closed layer at the surface of the inclusion bodies. Furthermore, it was previously shown that phasins are the prominent proteins of this layer in the mature PHA inclusion body. It must, however, be emphasized that phasins are not essential for PHA synthesis. Mutants of A. eutrophus, lacking the phasins, are still capable of synthesizing and accumulating PHA, but at a much lower rate; and the specific activity of PHA synthase is much lower than that in the wild type. In addition, in vitro PHA biosynthesis has been demonstrated., employing only the purified PHA synthase of A. eutrophus (8) .
